INTRODUCTION 46
Innate developmental programs and adaptive responses to environmental cues shape plant architecture 47 (Wang and Li, 2008; Dong et al., 2013; Teichmann and Muhr, 2015) . Chief among the environmental cues that 48 influence plant architecture is gravity. It orients the primary growth axis as well as the posture of lateral 49 organs, both above and below ground. Typically, the primary growth axes of roots and shoots are vertical, 50 with lateral branches adopting some characteristic angle with respect to the main axis. For example, an 51
Arabidopsis inflorescence branch typically grows out and up from the main axis at an angle of approximately 52 40° (Yoshihara et al., 2013) . If the plant axis is tipped from the vertical, gravitropism will bend the branch 53 until it achieves its original orientation with respect to the gravity vector. This behavior demonstrates that a 54 plant organ adopts a characteristic gravitational set point angle (Digby and Firn, 1995) . Auxin gradients 55 control the differential growth that sets the angle (Rosquete et al., 2013) . Limiting the influence of gravity by 56 growing plants in microgravity (Lyon, 1968; Hoson et al., 1999) or on a clinostat (Lyon, 1965; Lyon and 57 Yokoyama, 1966; Yoshihara and Iino, 2006) produces the shapes and architectures that would develop if 58 gravity response mechanisms were not in operation. Some responses to gravistimulation given after a 59 clinostat treatment are opposite to normal gravitropism, but nonetheless are controlled by auxin gradients 60 (Lyon, 1972; Roychoudhry et al., 2013) established by PIN auxin efflux proteins (Rosquete et al., 2013) . This 61 result may indicate greater complexity in the control of growth by gravity than can be presently explained. 62
The gravity vector is mainly perceived by endodermal cells in shoots (Fukaki et al., 1998) , and in roots 63 5 affected in a classic maize lazy mutant was recently identified and found to be a homolog of OsLAZY1 (Dong 71 et al., 2013; Howard et al., 2014) . Arabidopsis LAZY1 (AtLAZY1) is also required for gravitropism in the 72 inflorescence stem and seedling hypocotyl (Yoshihara et al., 2013) . Branch angles are wider in atlazy1 as in 73 oslazy1 (Yoshihara et al., 2013; Sasaki and Yamamoto, 2015) even though branch angle in monocots and 74 dicots are determined by shoot structures that are not anatomically homologous. LAZY1 was shown to be 75 required for auxin redistribution in response to gravitropic stimulation in rice (Godbole et al., 1999; Li et al., 76 2007; Yoshihara and Iino, 2007) and in maize (Dong et al., 2013) . OsLAZY1, ZmLAZY1, and AtLAZY1 localize to 77 the nucleus and at the cell periphery, probably including the plasma membrane (Dong et al., 2013; Yoshihara 78 et al., 2013; Howard et al., 2014; Sasaki and Yamamoto, 2015) . The rice Deeper Rooting 1 (OsDRO1) is also a 79 LAZY family gene (Yoshihara et al., 2013) . It controls root gravitropism in both the seminal and crown roots 80 and thus affects general root system architecture (Uga et al., 2013) . Likewise, an Arabidopsis LAZY gene 81 named AtDRO1 also affects lateral root orientation (Guseman et al., 2017) . 82
Typical LAZY genes contain regions of conserved sequence I through V. They have been found only in 83 land plant genomes (Yoshihara et al., 2013) . They belong to a larger family of genes defined by an IGT 84 (GL(A/T)GT) motif in region II (Dardick et al., 2013) . The rice tiller angle control gene, OsTAC1 (Yu et al., 85 2007) , and its Arabidopsis homolog AtTAC1 (Dardick et al., 2013) are examples of IGT-containing genes that 86 lie outside the LAZY group because they lack a region V, the largest of the conserved domains in LAZY genes 87 (Yoshihara et al., 2013) . The predicted protein alignment in Supplemental Figure 1 shows how that criterion 88 distinguishes LAZY from TAC1 genes, which oppositely affect branch or tiller angles in Arabidopsis (Dardick et 89 al., 2013) , rice (Yu et al., 2007) , maize (Ku et al., 2011), and peach (Dardick et al., 2013) . The Arabidopsis 90 genome contains six LAZY genes though one contains only conserved region V (Yoshihara et al., 2013) . The 91 original OsLAZY1/Os11g29840 (Li et al., 2007; Yoshihara and Iino, 2007) and ZmLAZY1/GRMZM2G135019 92 (Dong et al., 2013 ) possess a region V. Genes recently reported as AtNGR1 (At1g17400), AtNGR2 93 (At1g72490), and AtNGR3 (At1g19115) by Ge and Chen (2016), and AtDRO1 (At1g72490), AtDRO2 94 (At1g19115), and AtDRO3 (At1g17400) by Guseman et al., (2017) are identical to genes previously identified 95 7
We isolated plants homozygous for T-DNA insertions in five of the AtLAZY genes. The locations of the 119 insertions in each gene are shown in Supplemental Figure S3 . A T-DNA insertion line for AtLAZY6 could not be 120 found in publicly available resources. Single and higher order mutants were grown and their phenotypes 121
were examined. Figure 2A shows that the orientation of seedlings grown in darkness deviated from vertical 122 especially when multiple AtLAZY genes were mutated. The atlazy1,2,3,4 quadruple mutants were frequently 123 horizontal or upside down, indicating a defect in gravitropsim. Gravitropism assays based on time-lapse 124 imaging were conducted to investigate the response to reorientation. Seedlings grown in darkness were 125 transferred to a vertical agar plate such that the hypocotyl was vertical, then the plate was rotated 90° to 126 induce gravitropism. Still in darkness, images were collected by computer-controlled cameras using infra-red 127 backlight. The angle of the hypocotyl apex was measured from the images. Of the single mutants, atlazy1 128 showed clearly defective gravitropism and atlazy2 showed a slight defect in the Wassilewskija (Ws) 129 background ( Fig. 2B; Supplemental Fig. S4A ). The atlazy1 defect was exacerbated by combining it with the 130 atlazy2 and/or atlazy4 mutations ( Fig. 2C; Supplemental Fig. S4B ). The atlazy1,2,3,4 quadruple mutant 131 responded only very weakly to the gravitropic stimulus ( Fig. 2C ). Consistent with expression patterns in 132 etiolated hypocotyls ( Fig. 1D) , AtLAZY1, AtLAZY2, and AtLAZY4 are the most important to gravitropism in the 133 hypocotyl ( Fig. 2C ). 134
Etiolated hypocotyls elongate rapidly, making their orientations evident ( Fig. 2A ) and their 135 gravitropism responses robust ( Fig. 2B,C) . In contrast, root growth is slow in etiolated seedlings. Therefore, to 136 examine the impacts of atlazy mutations on root gravitropism, seedlings were grown in white light for 3 d, 137 then placed in front of computer controlled cameras to collect time series of images from which tip angles 138 could be extracted. The atlazy1, atlazy3, and atlazy5 single mutants displayed a gravitropic response to 139 reorientation that was indistinguishable from the wild type (Fig. 2D ). The atlazy4 mutant showed a very slight 140 reduction (Fig. 2D ). The atlazy2 mutant displayed a modest reduction in rate of curvature development 141 compared to wild type ( Fig. 2E ). The severity of gravitropism defects increased as two, three, or four AtLAZY 142 genes were mutated ( Fig. 2F ). Root tips of atlazy1,2,3,4 mutants did not bend downward. Consistent with 143 8 expression patterns in root tips (Fig. 1C) , AtLAZY2, AtLAZY3, and AtLAZY4 are the most important to 144 gravitropism in the root (Fig. 2F) . 145
Phototropism is a bending growth phenomenon in response to a light gradient that, like gravitropism, 146 is due to the environmental signal causing the hormone auxin to be redistributed across the growing organ 147 (Spalding, 2013) . If atlazy mutations impaired the auxin redistribution mechanism or auxin response 148 mechanism shared between gravitropism and phototropism, then defective phototropism would be expected 149 in the agravitropic quadruple mutant. This result was not observed. Instead, phototropism of etiolated 150 quadruple mutant hypocotyls was robust, even faster to develop than the wild type ( Fig. 3 
; Supplemental 151
Movie 1). This indicates that LAZY proteins function in a gravitropism pathway upstream of where light and 152 gravity signaling pathways converge on the auxin redistribution mechanism. 153
Reverse gravitropism and auxin gradients 154
Ge and Chen (2016) recently reported that roots of atlazy2,3,4 (atngr1,2,3) triple mutants display a reverse 155 gravitropism, growing upward. Though they assigned NGR names to the T-DNA mutants in their study, the 156 alleles are identical to those used here. We investigated whether plant culture conditions could be 157 responsible for the difference between the upward root growth behavior reported by Ge and Chen (2016) 158 and the defective gravitropism shown in Figure 2F . In our standard conditions, roots of the triple mutant bent 159 subtly downward rather than upward ( Fig. 2F ). Roots of triple and quadruple mutants grown in white light 160 then maintained in darkness for 3 h before rotating began to show some evidence of reverse gravitropism 161 toward the end of the 8-h assay in darkness (Supplemental Fig. S5A ). This prompted an investigation of light 162 conditions that may affect the root orientation phenotypes of the mutants studied here and by Ge and Chen 163 (2016) . Seedlings were grown on vertical agar plates in continuous darkness, in continuous dim red light, or 164 continuous white light for 2 d and then dim red light for 1 d. In each of these conditions, wild-type roots grew 165 mostly straight down as expected but the direction of root tips in atlazy2, 3,4 and atlazy1,2,3,4 mutants 166 averaged approximately 130°, where 180° would be pointing vertically upward (Supplemental Fig. S5B -E). The 167 red-light adapted condition was selected for detailed measurements of gravitropism, to determine if removal 168 9 of LAZY functions would cause roots to display a reverse form of gravitropism. Roots of wild-type seedlings 169 cultured in white light then shifted to continuous dim red light grew slowly but displayed positive (downward 170 bending) gravitropism upon reorientation. In contrast, roots of atlazy2,3,4 and atlazy1,2,3,4 mutants 171 displayed significant though slower negative (upward bending) gravitropism ( Fig. 4A ; Supplemental movie 2). 172
It is well established that redistribution of auxin to the lower flank of a horizontal root is responsible for a 173 growth rate difference between the upper and lower sides, which results in bending (Muday, 2001) . Wild-174 type and atlazy2,3,4 mutant lines expressing the genetically encoded DII-VENUS, which emits a fluorescent 175 signal inversely proportional to auxin signaling activity (Brunoud et al., 2012) , were examined by confocal 176 microscopy before or 2 h after 90° rotation. In the wild-type context, the auxin gradient formed as expected 177 from previous results (Band et al., 2012; Brunoud et al., 2012) . Figure 4B shows the signal from cells on the 178 upper flank of the root was more than two-fold higher than from cells on the lower flank. Signal strengths on 179 the left and right sides of vertically maintained roots were not different. In the atlazy2,3,4 background, this 180 auxin reporter indicated a small gradient after reorientation but in the opposite direction ( Fig. 4B ,C), 181 consistent with the observed reverse, upward gravitropic bending. A mutated form of the auxin reporter, 182 mDII-VENUS, did not produce an asymmetric signal in vertical or gravi-stimulated roots (Fig. 4B ). The root tips 183 of the mutant were morphologically normal and appeared to contain normal amounts of starch-based 184 statoliths in the gravity-sensing cells (Supplemental Fig. S6 ). If the reversed gravitropism of the root was due 185 to the modest reversed auxin gradient, pharmacological agents known to suppress the formation of auxin 186 gradients would be expected to suppress the reversed gravitropism as they do normal gravitropism. 187
Supplemental Figure S7 shows that, as previously reported (Cho et al., 2014), 1-N-naphthylphthalamic acid 188 (NPA), and 5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB) impair gravitropism in the red light-adapted 189 wild-type seedlings without major effects on growth rate. Treatment of atlazy2,3,4 triple mutant seedlings 190 with either NPA or NPPB impaired the reversed (negative) gravitropism of the root (Fig. 4D ) without affecting 191 the growth rate ( Fig. 4E ). Taken together, these results indicate that AtLAZY proteins function downstream of 192 10 a gravity-sensing mechanism and upstream of the mechanism that establishes the growth controlling auxin 193 gradient, and upstream of the point where phototropism photoreceptors influence this process ( Fig. 5 ). 194
Adult Plant Phenotypes 195
The AtLAZY mutants were used to investigate the role of LAZY proteins beyond primary growth of seedlings. 196
The specific goal was to assess the extent to which the LAZY mechanism mediated the influence of gravity on 197 lateral organs to affect adult plant morphology. Figure 6 shows that mutation of AtLAZY1 had the previously 198 reported widening effect on inflorescence branch angle (Yoshihara et al., 2013) . The atlazy1,2 double mutant 199 showed that disrupting two AtLAZY genes with expression in shoots exacerbated the branch angle phenotype 200 of atlazy1 mutants (Fig. 6 ). The atlazy1,4 mutant combination also severely impacted shoot architecture (Fig. 201 6) . The inflorescence of the atlazy1,2,4 triple mutant apparently lacked the ability to orient its main axis 202 upright or position its lateral branches at a particular angle. 203
The structure of the root system depended on AtLAZY gene function to a similarly strong degree. Figure 7 A-C shows that the lateral roots of atlazy2 and atlazy4 single mutants were 206 significantly less declined than wild type. When these two mutations were combined, the lateral roots were 207 held, on average, above the horizontal (Fig. 7C ). The atlazy2,3,4 triple mutant produced lateral roots that 208 appeared to be insensitive to the influence of the gravity vector. Analysis of the lateral root angles of the 209 higher order mutants was complicated by the fact that the primary root did not grow parallel to the gravity 210 vector (Fig. 7A ). But seedlings could be manipulated on agar plates such that the primary root was straight 211 and vertical. In this scenario, atlazy2,4 and atlazy2,3,4 seedlings produced lateral roots that were essentially 212 horizontal ( Fig. 7D ). When atlazy2,4 seedlings were rotated by 90°, the preexisting lateral roots continued to 213 elongate in their original directions. They did not reorient like the wild type ( Fig. 7E,F) . The present results attribute and in most cases quantify the contributions of different AtLAZY genes 218 to the influence of gravity on the shapes of roots and shoots, at seedling and adult stages of development. 219 Some experiments probed the structure of the gravity signaling pathway. Figure 3 shows that AtLAZY genes 220 act prior to the point where directional light and gravity signaling pathways merge, which is at or before 221 auxin response factors convert the auxin gradient into differential growth (Stowe-Evans et al., 1998; Harper 222 et al., 2000; Correll and Kiss, 2002) . Incorporating previous results into the assessment, it now appears that 223 LAZY proteins act downstream of amyloplast sedimentation (Abe et al., 1994) , upstream of auxin gradient 224 formation (Godbole et al., 1999; Yoshihara and Iino, 2007; Li et al., 2007) , and in a gravity-specific portion of a 225 mechanism for converting environmental signals into differential growth. Figure 6 . They also examined gravitropism in primary and lateral roots and, consistent with our results, found AtLAZY2 and AtLAZY4 to be important. Further, they found that a C-terminal portion of AtLAZY1 reversed primary root gravitropism in atlazy1,2,4. Our current results and the report of Ge and Chen (2016) offer a possible explanation. The C-terminus of AtLAZY1, which contains the critical region V, may inhibit the function of AtLAZY3, producing a phenotype like that of the atlazy1,2,3,4 quadruple mutant ( Figure 4) . Taniguchi et al., (2017) further showed that AtLAZY genes control PIN3 expression pattern in lateral root tip. This can explain the lack of auxin redistribution in lazy mutants (Godbole et al., 1999; Li et al., 12 2007; Yoshihara et al., 2007; Dong et al., 2013) and emergence of reversed auxin redistribution in atlazy2,3,4 ( Figure 4 ).
The mutants collected and characterized here provide a means to perturb rather specifically a gravity 231 sensing mechanism controlling plant architecture. When the AtLAZY mechanism(s) was disabled with 232 multiple mutations, a separate mechanism for transducing the gravity vector into an auxin gradient was 233 uncovered. This LAZY-independent mechanism created an oppositely oriented auxin gradient. The reverse 234 gravitropism that ensues, if it also occurs in shoots, could contribute to the enhanced phototropism displayed 235 by atlazy1,2,3,4 mutants (Figure 3) , though enhanced phototropism would be expected in any scenario in 236 which gravitropism is only weakened and not reversed (Vitha et al., 2000; Ruppel et al., 2001; Kiss et al., 237 2002) . No molecular or genetic details of the reverse mechanism demonstrated here and by Ge and Cheng 238 (2016) are yet known, but some suggestions can be made. TAC1 appears to act oppositely to LAZY1 by 239 widening tiller angle in rice (Yu et al., 2007) , leaf angle in maize (Ku et al., 2011) and branch angles in 240 Arabidopsis and peach (Dardick et al., 2013) . Perhaps oppositely-functioning genes in the IGT superfamily 241 such as TAC1 and its relatives generate the reverse auxin gradient and gravitropism evident when LAZY genes 242 are removed. A mechanism acting in opposition to the LAZY-dependent mechanism could provide an element 243 of regulation or modulation to gravitropism, which can proceed at different rates with or without a period of 244 overshoot and correction, depending on certain conditions (Brooks et al., 2010) . 245
Because LAZY genes are found only in land plants (Yoshihara et al., 2013) , the mechanism they 246 control may have evolved as an adaptation to life removed from the buoyancy of the ancestral aquatic 247 environment. Our results are consistent with the idea that plants accrued multiple gravity sensing 248 mechanisms over evolutionary time as roots and shoots became specialized for the competitive capture of 249 water, minerals, and light on land (Barlow, 1995) . Accordingly, the LAZY-dependent mechanism may have 250 been superimposed on an ancestral LAZY-independent mechanism that now plays a modulatory role by 251 acting in weaker opposition. One caveat to consider is that an Arabidopsis plant lacking all six AtLAZY genes 252 13 must be obtained in order to conclude that the mechanism producing reverse gravitropism is formally LAZY-253
independent. An atlazy6 mutation has not yet been isolated or engineered. 254
Although AtLAZY6 has not yet been genetically evaluated, the collection of previous and present 255 results enables a fairly comprehensive assessment of function across the family. For example, AtLAZY2 and 256
AtLAZY4 contribute to inflorescence erectness as inferred from the phenotypes of higher order mutants (Fig.  257   6) . Previously, only LAZY1 was known to affect shoot architecture in Arabidopsis (Yoshihara et al., 2013), rice 258 (Li et al., 2007; Yoshihara and Iino, 2007) , and maize (Ku et al., 2011; Dong et al., 2013) . The expression of 259 AtLAZY1, AtLAZY2, and AtLAZY4 in etiolated hypocotyls including the endodermis where the cells containing 260 statoliths for gravity sensing are located, is consistent with the genetic evidence that these genes control 261 gravity responses in seedling and adult shoots ( Fig. 2; Supplemental Fig. S4; Fig 6) . A single dominant contributor such as AtLAZY1 in shoots was not evident in roots. Instead, the three 267 genes displaying distinct expression in the gravity-sensing apex of the root (AtLAZY2, AtLAZY3, and AtLAZY4) 268 redundantly contributed to positive gravitropism in the primary root ( Fig. 2D-F ). Mutating these genes 269 uncovered the reverse gravitropism phenomenon first reported by Ge and Cheng (2016) in a triple mutant 270 apparently identical to the atlazy2,3,4 mutant used in the present study. In order to generate a reverse 271 gravitropism reliable and robust enough to study as in Figure 4 , we had to explore different growth 272 conditions, ultimately settling on a light regime that may have been effective by removing phototropic stimuli, 273 enhancing auxin transport, and maintaining adequate root growth rate (Kiss et al., 2003; Boccalandro et al., 274 2008; Halliday et al., 2009) . In lateral roots, apparently only AtLAZY2 and AtLAZY4 are needed to decline their 275 angles relative to the primary root axis from a default orientation that may be slightly greater than horizontal 276 www.plantphysiol.org on August 25, 2017 -Published by Downloaded from Copyright © 2017 American Society of Plant Biologists. All rights reserved.
( Fig. 7) . Previously, AtLAZY4/AtDRO1 (Guseman et al., 2017) was the only AtLAZY gene family member known 277 to affect lateral root angle similar to OsDRO1. Now that an assessment of expression patterns and functional 278 contributions for most members of a LAZY gene family from a single species has been completed, it may be 279 possible to take a rational approach to engineering different root and shoot architectures by manipulating a 280 small number of LAZY genes in any plant. 281
Materials and Methods 282

Plant materials and growth conditions 283
The wild types used in all experiments were the Columbia ecotype (Col-0) of Arabidopsis thaliana obtained 284 from the European Arabidopsis Stock Centre (NASC), and the Wassilewskija ecotype (Ws) from Institut of 285 Jean-Pierre Bourgin (IJPB). atlazy1 T-DNA insertion line (GABI_591A12) has the Col-0 background and was 286 from NASC. atlazy3 (GK_479C08), and atlazy4 (SAIL_723_H11) and atlazy5 (SAIL_158_H07) also had the Col-0 287 background and were from the Arabidopsis biological resource center (ABRC). atlazy2 (FLAG_199G07) had 288
Ws background and was from IJPB. The exact locations of T-DNA insertions for each line were confirmed by 289 sequencing the PCR products amplified with the primer pairs listed on Table S1 . All single mutants were 290 backcrossed three times with corresponding background WT. For the creation of multiple mutants with 291 atlazy2 which has Ws background, atlazy2 was crossed at least five times with the Col-0 background to 292 replace Ws background with For most of the physiological experiments using seedlings, seeds were surface-sterilized and plated on 294 minimal salt medium (1 mM KCl, 1 mM CaCl 2 , 5 mM MES, adjusted to pH 5.7 with BTP, 0.7% (w/v) agar), 295 unless otherwise stated. 296
For hypocotyl gravitropism, seedlings were grown along the surface of vertical agar plates for 3 d in darkness, 297 and then selected by uniformity and hypocotyl length (6-10 mm). The selected seedlings were transferred 298 and aligned on the surface of new plates so that apical 5-10 mm of the hypocotyl sticks out from the edge. 299
Gravitropic stimulation was given 2-3 h after transferring by rotating the plates by 90°. Dim green light was 300 used for the manipulation of seedlings in darkness. 301
For hypocotyl phototropism, seedlings were grown along the surface of vertical agar plates for 3 d in 302 darkness. Seedlings were selected by uniformity and hypocotyl length (6-10 mm) and transferred to new To observe lateral root angles, plants were grown on Murashige Skoog medium supplemented with 1% 318 sucrose and B5 vitamins. Two plants were grown on a square petri dish (10 cm x 10 cm). Plates were 319 incubated vertically under constant white light for 13-14 d depending on measurements. The angles and 320 lengths were measured on the images by using ImageJ (Schneider et al., 2012) . Lateral root angle was 321 measured relative to the plumb line (gravity vector) at 2 mm from the base of the root. The absolute values 322 were used for analysis so that lateral roots emerging from the left and right could be averaged. All statistical 323 tests were performed with the Excel program. 324
Imaging 325
The imaging of seedlings was performed according to the Wang et al. (Wang et al., 2009) . In brief, plates 326 were mounted vertically and transverse to the optical axis of a charge-coupled device (CCD) camera (Marlin 327 F-146B; AVT Corp.) outfitted with a close-focus zoom lens (model R72; Tokina Co.). An infrared light source 328 (model BL1960-660; Advanced Illumination Inc.), having a peak output at 880 nm, was placed behind the 329 petri plate for back illumination. The images for lateral root analysis were obtained by using flat-bed scanner. 330
Plasmid construct and generation of transgenic plants 331
All promoters were obtained by PCR and the resultant fragments were subcloned into pGEM-T-Easy 332 (Promega) for sequence confirmation before proceeding further step. All primers used in this study were 333 listed on Table S1 . The promoter regions of AtLAZY1 homologs were amplified with either Hind III and BamH I 334 (pAtLAZY2; 2.6 kb, pAtLAZY5; 2.5 kb, and pAtLAZY6; 2.8 kb) sites or BamH I and Sma I sites (pAtLAZY3; 0.6 kb, 335 and pAtLAZY4; 2.9 kb) by PCR from genomic Arabidopsis DNA. The resultant fragment was subcloned and 336 recloned into either the Hind III/Xba I site or BamH I/Sma I site in the binary vector, pBI101.1 (Jefferson et al., 337 1987) . The binary vector was transformed into Agrobacterium tumefaciens, GV3101. Arabidopsis plants were 338 transformed using the floral dip methods (Clough and Bent, 1998) . 339
Histochemical staining 340
Tissues were immersed in staining solution (100 mM sodium phosphate buffer pH 7.0, 0.1% (v/v) Triton-X-341 100, 0.5-2 mM potassium ferrocyanide, 0.5-2 mM potassium ferricyanide, 1 mM X-gluc), vacuum infiltrated 342 for 30 min and incubated at 37°C for 3-24 h. Chlorophyll was removed in 70 % (v/v) ethanol at 4°C. Hypocotyls of atlazy1, 4, atlazy1,2,4, and atlazy1,2,3,4 
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Wassilewskija. F, Root gravitropism in higher order mutants of AtLAZY genes. atlazy2,3,4 and atlazy1,2,3,4 393 did not show clear gravitropism. Values shown represent means ± s.e. from 23 to 37 seedlings. Asterisks 394 indicate statistically significant difference from the wild type by Welch's t-test (*P < 0.05; **P < 0.01). 395 is inversely proportional to the auxin concentration (Brunoud et al., 2012) . Note that the atlazy2,3,4 mutant 410 showed higher auxin level in upper side of root tip after rotation (Student's t-test; **P < 0.01). C, 411
Representative images of DII-VENUS fluorescent in root tips. Seedlings were rotated by 90° and images were 412 collected 2 h after rotation. Scale bar, 25 µm. D, Effects of auxin transport inhibitors on negative gravitropism 413 of atlazy1,2,3,4. Red-light adapted seedlings were transferred on plates containing either 1 µM NPA or 10 µM 414 NPPB. Plates were rotated by 90° at 4 h after transferring. Values shown represent means ± s.e. from 17 to 28 415 seedlings. Asterisks indicate statistically significant difference from the control by Welch's t-test (*P < 0.05; 416 www.plantphysiol.org on August 25, 2017 -Published by Downloaded from Copyright © 2017 American Society of Plant Biologists. All rights reserved. 21 **P < 0.01). E, Effects of auxin transport inhibitors on root growth of atlazy1,2,3,4. Root lengths were 417 measured in the seedlings used for the gravitropism experiments in Figure 4D . Growth rates were estimated 418 from the differences in root lengths in initial pictures (0 h) and final pictures (8 h). Values shown represent 419 means ± s.e. Growth rates of samples treated with inhibitors were compared with that of control by Welch's 420 t-test (n.s., not significant, P > 0.05). Note that neither 1 µM NPA nor 10 µM NPPB inhibited growth. 421 Figure 5 . Placement of LAZY protein function in pathways producing bending growth via auxin gradients. LAZY 422 proteins function downstream of a gravity sensing mechanism but upstream of an auxin redistribution 423 process, and upstream of where unilateral light sensing mechanisms influence auxin redistribution. In parallel, 424 a LAZY-independent pathway transduces gravity signals into an opposing auxin gradient, which can be 425 observed when LAZY proteins are removed by mutation. Thus, LAZY proteins function in a gravity-specific 426 mechanism for creating auxin gradients that bend roots downward and shoots upward. Phototropic signaling 427 does not require LAZY proteins, nor does a gravity-induced reverse gravitropism pathway, though all 428 pathways converge on the mechanism for redistributing auxin across the organ. The question mark indicates 429 that reverse gravitropism of the shoots in plants lacking LAZY functions remains to be demonstrated. 430 Figure 6 . AtLAZY genes control shoot orientation with respect to the gravity vector. Shoot architecture in 431 single and higher-order mutants of AtLAZY genes. Wild type Columbia (WT col), atlazy1, atlazy2, atlazy3, 432 atlazy4, atlazy1, 2, atlazy1, 3, atlazy1, 4, atlazy2, 3, atlazy2, 4, atlazy3, 4, atlazy1, 2, 4 are shown. atlazy1, 2, 433 atlazy1, 4, and atlazy1, 2, 4 show more exaggerated lazy phenotypes than atlazy1, though atlazy2,4 does not 434
show an obvious phenotype. Scale bars, 3 cm. 435 Distribution of lateral root angles in different atlazy mutants. Lateral root angles relative to the plumb line 439 were measured at a spot 2 mm away from the base of the lateral root. Polar histogram of lateral root angles 440
